Neocortical preparations have proven highly resistant to the induction of long-term potentiation (LTP), and we have only recently determined the conditions sufficient for the induction of neocortical LTP in the adult, freely moving rat. The stimulation trains must be spaced and repeated over a period of days in order to reach asymptotic levels of potentiation. Here we show that, within these constraints, the neocortex is actually highly responsive. LTP could be induced with as few as one brief high frequency train per day or with extremely low-intensity stimulation trains. We also provide evidence for a critical role for N-methyl-D-aspartate (NMDA) receptor activation in LTP induction in this preparation, and demonstrate that this LTP is input-specific. Control pathways showed no potentiation effects. LTP was found in a monosynaptic and two polysynaptic components (average latencies to peak: 8.1, 15.2 and 20.0 ms) and in the superimposed population spikes. Although LTP could be induced with one train per day or with low-intensity trains, larger and longer-lasting potentiation effects could be induced by increasing the number of trains delivered per session, the number of sessions over which trains were delivered, or the pulse intensity of the trains. The LTP decayed slowly and was still evident 5 weeks later. Administration of the competitive NMDA antagonist 3-[(±)-2-carboxypiperazin-4-yl]-propyl-1-phosphonic acid blocked the induction of LTP in a dose-dependent fashion and appeared to unmask a depression of both the population spikes and a polysynaptic component. These results indicate that the neocortex is highly sensitive to LTP induction procedures, as long as the stimulation trains are spaced and applied over a period of days. They are also consistent with the view that the neocortex must operate with a slow learning rate to reduce interference effects in memory.
Introduction
Long-term potentiation (LTP) is a lasting enhancement of synaptic transmission following high-frequency electrical stimulation. It is believed to be due to an intracellular cascade that commences with glutamate binding and Ca 2+ entry, and ends with gene expression and de novo protein induction (Goelet et al., 1986; Silva and Giese, 1994) . First demonstrated in the perforant path connecting the entorhinal cortex with the dentate gyrus (Bliss and Lomo, 1973) , LTP has since been shown to occur in many cortical sites (Racine et al., 1994a ; for reviews see Teyler et al., 1990; Tsumoto, 1992) . Most of these demonstrations, however, have been made using acute in vivo (Keller et al., 1991; Tsumoto, 1992; Kimura et al., 1994) and in vitro slice (Kimura et al., 1989; Bear and Kirkwood, 1993; Kirkwood and Bear, 1994) preparations. In these preparations, neocortical LTP is difficult to induce, usually requiring the use of GABAergic blockers and/or young animals (Artola and Singer, 1987; Perkins and Teyler, 1988; Kirkwood and Bear, 1994; Hess et al., 1996) . Neocortical LTP has been even more difficult to induce in the chronic preparation where stimulation parameters that have successfully induced LTP in subcortical sites have failed to do so in neocortical sites (Racine et al., 1994b) . It has only recently been determined that the induction of LTP in the neocortex of the awake, freely moving rat requires multiple, spaced sessions of stimulation (Racine et al., 1995b) .
The development, maintenance and decay of neocortical LTP cannot be quantified in acute and slice experiments because these experiments cannot run for the 10-20 days required to reach asymptotic levels of LTP, or even the 4-5 days that are often required to see the onset of LTP as expressed in chronic preparations (Racine et al. 1995b) . Another problem with slice experiments is that there are several components of LTP, each with a different decay rate. In the rat hippocampus, there is a transient component of LTP that decays over hours and does not require protein synthesis (Frey et al., 1989) . LTP in slice and acute preparations is rarely monitored for more than 2-3 h. Consequently, it is often difficult to determine how much of the reported effect is due to this transient form of LTP and how much is due to long-lasting components of LTP. In order to evaluate the induction and decay characteristics of LTP effects that last for days or weeks, it is necessary to induce LTP in a preparation that permits long-term monitoring.
One of the goals of the following experiments was to provide a parametric analysis of the induction and decay kinetics of neocortical LTP as it is expressed in the freely moving rat. To that end, we determined the minimum number of stimulation trains and the minimum intensities required for LTP induction. We were surprised to find that the neocortex was actually highly reactive to these patterns of activation providing that the stimulation trains were spaced and repeated.
It is clear that the N-methyl-D-aspartate (NMDA) receptor subclass of the excitatory amino acid glutamate is critical for LTP induction in the CA1 region of the hippocampus (Collingridge et al., 1983; Coan et al., 1987; Malenka and Nicoll, 1993) and in visual cortex slices Singer, 1987, 1990; Bear et al., 1992 ; but see Komatsu et al., 1991) . The role of the NMDA receptor in the induction of neocortical LTP in the freely moving animal, however, is not known. Also, it has not yet been established in this preparation whether the potentiation effects induced by callosal stimulation are specific to the activated pathways. Such specificity has been shown for the hippocampus (Andersen et al., 1977; Lynch et al., 1977 ; but see Schuman and Madison, 1994; Engert and Bonhoeffer, 1997) and neocortical slice (Kirkwood and Bear, 1994) . We show in the following experiments that neocortical LTP in the chronic preparation is prevented during NMDA receptor blockade, and that the potentiation effects induced by tetanic callosal stimulation are input specific.
Portions of this research have been presented previously in abstract form (Trepel and Racine 1995; Racine et al. 1996) .
Materials and Methods

Surgery
One hundred and six adult, male Long-Evans hooded rats were used in these experiments: 78 in the LTP studies, 13 in the NMDA blockade study, 5 in a test for input specificity and 10 in a control test for kindling effects. At the time of surgery, the animals weighed 325-450 g. They were housed individually, maintained on an ad libitum feeding schedule, and kept on a 12 h on/12 h off light cycle.
Twisted wire bipolar electrodes were prepared from Tef lon-coated stainless steel wire (120 µm in diameter). The average tip separations were 1.0 and 0.50 mm for the recording and stimulating electrodes respectively. The animals were anaesthetized with sodium pentobarbital (65 mg/kg) and received atropine methyl nitrate (1.2 mg/kg) to prevent respiratory distress. In each animal, a bipolar recording electrode was implanted into the anterior neocortex (frontal area M1/parietal area P1) 2.0 mm anterior to Bregma and 4.0 mm lateral to the midline Watson, 1986, 1997) . A callosal stimulation electrode was implanted 2.0 mm anterior to Bregma and 2.0 mm lateral to the midline. These two electrodes were adjusted during surgery to provide optimal response amplitudes. The resulting mean depths for the callosal stimulating and cortical recording electrodes were 3.0 and 1.8 mm ventral to dura respectively. The electrodes were connected to gold-plated male pins that were inserted into a nine-pin miniature connector plug. This, in turn, was mounted onto the skull with dental cement and anchored with stainless steel screws. One of the screws served as the ground electrode. Data acquisition began 2 weeks following surgery.
Experiment 1: The Effect of Varying Train Number on the Induction of LTP
In the first experiment, we varied the number of trains within a stimulation session, as well as the number of sessions. For all LTP experiments, three sets of field potential measures, spaced at 48 h, were taken to establish a series of baseline input/output (I/O) curves. Pulses of increasing intensity were delivered to the corpus callosum at a frequency of 0.1 Hz. Ten field responses were evoked, amplified, digitized (at 10 kHz) and averaged at each of 10 logarithmically spaced intensities (16, 32, 64, 100, 160, 250, 500, 795, 1000, 1260 µA) . Twenty-four hours following the third baseline I/O, the first set of high-frequency trains was delivered to the corpus callosum.
Train sets were delivered to the animals according to random group assignment. For this experiment, animals received 5, 10 or 60 trains each day for 10 days in the first (n = 6), second (n = 6) and third (n = 6) groups respectively. One, 5, 10 or 60 trains were delivered each day for 25 days in the fourth (n = 4), fifth (n = 7), sixth (n = 7) and seventh (n = 7) groups respectively. We used stimulation parameters that had previously been shown to be effective (Racine, 1995b) . The 24 ms trains consisted of eight pulses at a pulse frequency of 300 Hz, and were delivered at a frequency of 0.1 Hz. Pulse duration and intensity were 0.1 ms and 1260 µA respectively. Each animal was tested at the same time each day (±2 h), and the responses were recorded with the animals in a relaxed, immobile state. The EEG activity from the recording electrode was also monitored on chart paper during train deliver y to ensure that epileptiform discharges were not triggered.
I/O tests were repeated every day immediately preceding delivery of trains. Following completion of the LTP induction phase, a single intensity was selected to monitor responses over a 35-day decay phase. The intensity chosen was one that evoked a response that was approximately half the maximum amplitude expressed during the I/O tests. Ten test pulses were delivered at this intensity, and the responses averaged together, each day for 35 days, to track the decay of the potentiated responses. Although most experimental animals received test pulses at either 160 (n = 23) or 250 (n = 9) µA, several animals had higher response thresholds requiring that test pulse intensities be set at 500 (n = 4), 795 (n = 2) or 1000 (n = 1) µA. Additionally, four animals required test pulses of only 100 µA. When five weeks of decay data were collected, a final I/O was performed 24 h following the last test pulse measure.
An eighth, control group (n = 6) was implanted with stimulating and recording electrodes. Control animals had baseline I/Os taken as described for the experimental groups. Additional I/Os were taken at 5-day intervals for 8 weeks, but no high-frequency trains were delivered.
Data from the six control animals were analysed at a pulse intensity of 160 µA, the mode intensity used for the experimental animals.
Experiment 2: The Effect of Varying Train Intensity on the Induction of LTP I/Os were collected during the baseline and induction phases as described above. Twenty-four hours after the third baseline I/O, 30 high-frequency trains were delivered daily to the corpus callosum. Trains were identical to those described above except that train pulse intensity was varied according to random group assignment. Animals received trains for 24 days with pulse intensities of 16, 32, 160 or 500 µA in the first (n = 7), second (n = 5), third (n = 6) and fourth (n = 5) groups respectively. A fifth, control group (n = 6) was implanted with stimulating and recording electrodes and had I/Os taken every 2 days to monitor the stability of the baseline. Animals in the control group did not receive high-frequency trains.
Experiment 3: NMDA Blockade Study
Animals in which the effect of NMDA antagonism on LTP was tested were implanted with stimulating and recording electrodes and had baseline measures taken as described above. The competitive NMDA antagonist (3-[(±)-2-carboxypiperazin-4-yl]-propyl-1-phosphonic acid) (CPP; 1.0 and 10.0 mg/kg i.p., Cambridge Research Biochemicals) was dissolved in 0.9% saline vehicle solution. Animals were injected each day with one of 1.0 mg/kg CPP (n = 3), 10.0 mg/kg CPP (n = 3) or saline (n = 4). The injection was preceded by a 10-intensity I/O, as described above, and followed 150 min later by 60 high-frequency trains. These daily LTP induction regimens were continued for 10 days. I/Os were then collected weekly for 2 weeks. Additionally, a fourth group (n = 3) received 10.0 mg/kg CPP preceded by an I/O every 24 h for 10 days, but did not receive trains.
Experiment 4: Input-specificity Study A bipolar recording electrode was implanted into the anterior neocortex in each animal as described above. Two stimulating electrodes were implanted into the callosum. The first was placed 2.0 mm anterior to Bregma and 2.0 mm lateral to the midline (anterior electrode), while the second was implanted at 0.0 mm A-P to Bregma and 2.0 mm lateral to the midline (posterior electrode). Baseline I/O measures were taken as described above except that only seven intensities were used (64, 100, 160, 250, 500, 795, 1260 µA) . Two separate I/O tests, one for each of the stimulating electrodes, were taken during the baseline period, as well as during the experimental sessions described below. Recordings were also taken from the alternate electrode to confirm that the interaction was minimal.
Animals were randomly assigned to either the anterior or posterior groups, according to which stimulating site would serve as the LTP pathway (with the other serving as the control pathway). Animals in the anterior group (n = 2) received 60 high-frequency trains through the anterior stimulating electrode, as described above, while animals in the posterior group (n = 3) received the same stimulation regimen, except that the tetani were applied through the posterior stimulating electrode. In both cases, high-frequency stimulation was delivered daily. Low-intensity trains (250 µA) were used to reduce cross-activation between the two stimulation sites. Every second day, the high-frequency stimulation was preceded by two separate seven-intensity I/Os, evoked through the two stimulating electrodes. The LTP induction regimen was continued for 17 days.
Experiment 5: Kindling Controls
A lthough EEGs were monitored during all stimulation procedures to ensure that epileptiform discharges were never evoked, we ran the following experiment to confirm that none of our potentiation effects could be attributable to kindling. To assess whether the repeated stimulations were resulting in kindling-related effects, a single afterdischarge (AD) was evoked in two groups of animals, one that had been fully potentiated (n = 5) and another that was treated identically with the exception that they were not potentiated (n = 5). Animals were implanted with stimulating and recording electrodes as described for the LTP experiments above. The kindling stimulation consisted of a 1 s train of biphasic pulses (pulse duration 1.0 ms; pulse intensity 800 µA) at 60 Hz.
These parameters were sufficient to evoke epileptiform discharge in all animals.
Analyses
Changes in the field potentials over LTP and decay sessions were measured by subtracting the final baseline responses from all other baseline and potentiated responses. This was done at the same intensity selected for monitoring responses during the decay period. All data-points were thus standardized to the third (final) baseline response. The early (average latency-to-peak 8.1 ms), late1 (average latency-to-peak 15.2 ms) and late2 (average latency-to-peak 20.0 ms) components were measured at fixed latencies corresponding to the peak response of the components being analysed (see Fig. 1B ). Only the early and late2 components were measured in experiments 3 and 4. Because the peaks for the late components were not always clear prior to the induction of potentiation, control animals were analysed using the means of the latencies determined from the experimental animals.
Population spikes were measured from the largest amplitude response in the I/O tests before and after LTP induction and after the decay phase. Tangent lines were drawn between turnover points, and the height (in mV) between the tangent line and the spike peak was determined for all population spikes within a response. These measures were summed to provide a measure of total spike height for that response. Population spike height measures were taken during the last baseline I/O, the I/O following completion of trains and (where applicable) the final I/O taken at the end of the 5-week decay period. The initial downward-going spike in each sweep was excluded from the calculations because of uncertainties concerning the possible contributions of antidromic effects or distortions due to the stimulus artefact.
Repeated-measures ANOVAs were calculated for the LTP data. For experiment 1 (train number), the LTP ANOVAs compared the means from ever y fifth day over the baseline, induction and decay phases, to correspond to the control animals' I/O regimen. For experiment 2 (train intensity), the LTP ANOVAs compared the means from every second day over the baseline and induction phases. The means from every day over the baseline and induction phases for the NMDA blockade experiment were analysed using repeated-measures ANOVAs. For the inputspecificity experiment, the data from all animals were reorganized into potentiated pathway and control pathway groups, and a repeatedmeasures ANOVA compared the means from every test day of these two groups.
The afterdischarge durations of the potentiated and unpotentiated groups, evoked by the kindling stimulation (experiment 5), were compared using a between-subject t-test.
Following collection of all electrophysiological measures, animals were perfused and the brains were sliced and stained with cresyl violet to verify electrode placements.
Results
Histology
The stimulating electrode was found to span the forceps minor corpus callosum in all animals. In most cases, the ventral tips of the recording electrodes were placed in parietal area 1 (PAR1 or S1), or in the medial-posterior aspect of frontal area 3 (FR3 or M1) Watson, 1986, 1997) . The locations of the ventral tips of both the recording and stimulating electrodes are shown in Figure 1A . Figure 1B shows representative sweeps taken from an animal that received 60 trains for 25 days, including examples of the cursor positions used to mark the latencies of the measured components. Field potentials appeared to have three main components: an early surface-negative response, ref lecting monosynaptic activity, and two larger (post-LTP) late responses, referred to here as late1 and late2, ref lecting polysynaptic corticocortical activity (Chapman et al., 1998) . The average latency-to-peak for the early component was 8.1 ms (range 3.0-13.2 ms), while the average latencies-to-peak for the late components were 15.2 and 20.0 ms (ranges 8.2-27.0 and 10.0-32.0 ms) respectively. Prior to LTP induction, only 31% and 47% of animals had a distinguishable late2 component at midrange (250 µA) and maximum (1260 µA) I/O pulse intensities respectively (data not shown).
Response Morphologies
The late1 component generally showed a faster LTP onset and a slower decay than did the late2 component. Its peak, however, was often masked by the late2 component once that component was itself maximally potentiated. Superimposed on the early response in all cases were at least one, and usually multiple, population spikes which grew in amplitude, and often number, following potentiation.
Stimulation-induced Behavioral and Electrographic Responses
Many animals showed an ipsilateral postural def lection during delivery of the trains. These animals did not appear to potentiate any differently from animals that did not show this reaction. Moreover, many animals displayed cortical spindle waves following the delivery of stimulation trains of 160 µA and above, and following test pulses of 500 µA and above. The presence or absence of cortical spindles showed no relationship with the incidence or magnitude of the neocortical LTP effects. None of the animals showed any evidence of seizure activity during, or Changes in the early component (average latency-to-peak 8.1 ms; range 3.0-13.2 ms) over days for groups receiving spaced, high-frequency stimulation for 10 days. All groups showed a shift in the surface-positive direction (indicated as a negative mV shift from baseline) relative to baseline and controls. These changes showed only partial recovery 35 days after potentiation. Increasing the number of trains delivered each day tended to result in both a greater amplitude shift as well as a slower rate of decay. (Middle left) Changes in the late1 component (average latency-to-peak 15.2 ms; range 8.2-27.0 ms) for groups receiving 10 days of trains. Animals receiving 60 and 10 trains/day showed a large increase which had not fully recovered 5 weeks following trains, while animals receiving 5 trains/day displayed a modest increase that decayed fully once the stimulation regimen was completed. (Bottom left) Changes in the late2 component (average latency-to-peak 20.0 ms; range 10.0-32.0 ms) for groups receiving 10 days of trains. All groups showed a large enhancement. Increasing the number of trains delivered per day increased the rate and amplitude of the LTP effect. Animals that received 5 trains/day decayed back to baseline prior to the end of the decay period while animals receiving 60 trains/day had not fully decayed 5 weeks following trains. (Top right) Changes over days in the early component of animals receiving trains for 25 days. All groups showed a marked shift in response amplitude during the induction phase which only partially decayed over the post-LTP decay phase. With increased numbers of trains delivered per day, a greater amplitude shift was seen. Sixty trains/day and 1 train/day produced the largest and smallest amplitude shifts respectively. (Middle right) Changes in the late1 component over days for groups receiving 25 days of trains. Although animals receiving 60 and 10 trains/day displayed a long-lasting amplitude increase, animals receiving 5 trains/day decayed back to baseline prior to the cessation of the stimulation protocol, while animals that received 1 train/day did not display potentiation above baseline on any day. (Bottom right) Changes in the late2 component over days for groups receiving trains for 25 days. Animals in the 60, 10 and 5 trains/day groups showed a clear potentiation, with animals that received 60 trains/day showing the largest amplitude increase. One train/day produced the weakest potentiation, differing from controls only near the end of the induction protocol. Sixty and 10 trains/day groups did not fully decay following the 5-week decay period. The 1 and 5 trains/day groups decayed back to baseline prior to the end of the decay period.
postictal depression following, any of the high-frequency stimulation protocols.
Experiment 1: The Effect of Varying Train Number on LTP Induction
The induction of LTP was associated with an amplitude change in both the early and late components. The early component amplitude showed a significant interaction effect between session and group for both the 10 days of trains [F(27,180) = 2.62, P < 0.001] and 25 days of trains [F(48,312) = 2.48, P < 0.001] groups. Animals that received 60 trains/day showed the strongest effect in both cases, but all groups showed the same pattern of change. The enhanced population spike activity superimposed on the early response following trains [F(1,48) = 6.95, P < 0.01] is consistent with a potentiation of the underlying EPSPs (Chapman et al., 1998) . There was also a significant interaction between group and session for both the late1 and late2 components in both the 10 days of trains [late1: F(27,180) = 2.11, P < 0.01; late2: F(27,180) = 3.90, P < 0.001] and 25 days of trains [late1: F(48,312) = 1.68, P < 0.01; late2: F(48,312) = 1.63, P < 0.01] groups. Animals that received 60 trains/day displayed the largest increase, 5 and 10 trains/day resulted in approximately equivalent changes, and 1 train/day produced the smallest potentiation effect. Figure 2 shows changes in the early and late component response amplitudes of animals receiving trains for 10 and 25 days. A lthough the late component peaks were often not discernible prior to the delivery of trains, they became visible following the first three sets of trains in all animals except the 1 train/day group. The late1 component did not appear to develop in the 1 train/day group, while the late2 component became visible following an average of 15 days of trains. Both components increased in amplitude over the course of train stimulation. The late1 component reached asymptotic levels of potentiation following 7, 10 and 6 sets of trains for animals receiving 5, 10 and 60 trains/day respectively, while the late2 component reached asymptotic levels of potentiation following 25, 17, 14 and 8 sets of trains for animals receiving 1, 5, 10 and 60 trains/day respectively.
It is clear from Figure 2 that the changes in the early component were longer lasting than those of the late components. In addition, 25 days of stimulation produced longer-lasting potentiation effects than 10 days of stimulation, particularly for the late components. Also, the late components for the 1 and 5 trains/day groups decayed more rapidly than those from the 10 and 60 trains/day groups. It is less clear whether there were differences between the 10 and 60 trains/day group, so we transformed the individual scores to proportions of peak potentiation and ran repeated-measures ANOVAs for the early and late components. There was a significant interaction effect between days of stimulation and decay rate for the late component [F(102,748) = 1.5; P < 0.02], but not for the early component [F(102,748) = 1.02; P > 0.05]. The significant difference for the late component was entirely attributable to differences between 10 and 25 day groups. There were no differences between 10 and 60 trains/day in either group (Fig. 3) .
The response thresholds increased following trains for most animals: the average pulse intensity required to evoke a minimal response was 50 µA prior to potentiation and increased to 90 µA following LTP induction. Following the 5-week decay period, the response thresholds returned to their pre-LTP values (data not shown).
The experimental groups showed similar percentage increases in population spike potentiation, so they were collapsed together for the statistical analyses. There was a significant interaction between group and potentiation [F(1,48) = 6.95, P < 0.01] over the pre-and post-LTP conditions. Following the 5-week decay period, these measures had only decreased by 50% of the asymptotic level of potentiation (Fig. 4) . Figure 5 shows the changes in the field potentials following the application of high-frequency trains of varying intensity. For the late1 and late2 components, LTP was reliably induced at all train intensities, with higher-intensity trains producing larger potentiation effects. There was a significant interaction between group and session for both components [late1: F(56,336) = 5.10, P < 0.001; late2: F(56,336) = 12.72, P < 0.001]. All members of the 32, 160 and 500 µA groups showed potentiation following the stimulation protocols, but only 43% (3/7) of the 16 µA animals did. Therefore, a threshold for the induction of potentiation appears to exist around 16 µA. The early component was also differentially affected by train intensity. Again, there was a significant interaction effect between session and group [F(56,336) = 5.41, P < 0.001]. The decay data were normalized to the peak potentiation (24 h following completion of the stimulation regimen) for the groups that received 10 trains for 10 days, 60 trains for 10 days, 10 trains for 25 days, and 60 trains for 25 days respectively. Decay is clearly more rapid for the late component (lower panel) than for the early component (upper panel). Also, the decay was significantly more rapid in the 10-day groups than the 25-day groups, but only for the late component. Baseline and peak potentiation are indicated by dashed lines.
Experiment 2: The Effect of Varying Train Intensity on LTP Induction
Animals that received 160 and 500 µA trains showed a strong surface positive shift of the early component, and the largest and most rapid change was induced by the highest intensity trains (500 µA). Animals that received 16 and 32 µA trains, however, showed no significant change in this component compared to controls. The early components of animals in the 160 and 500 µA groups were still potentiated 4 weeks following the LTP induction protocol (data not shown).
The late1 component reached asymptotic levels of potentiation following 12, 16, 20 and 20 sets of trains for animals in the 16, 32, 160 and 500 µA groups respectively, while the late2 component reached asymptotic levels of potentiation following 12, 16, 20 and 16 sets of trains. Although the late1 and late2 component potentiation effects had decayed fully 2 weeks following the cessation of trains in the 16 µA group, animals that received 32, 160 or 500 µA trains still showed significant late1 and late2 component potentiation 4 weeks following the LTP induction protocol (data not shown).
In contrast to the effects of higher-intensity stimulation, the response thresholds did not increase after potentiation for animals receiving 16 or 32 µA trains.
As in the previous experiment, the stimulated animals showed an enhancement of the population spike amplitudes, with a significant interaction between group and potentiation [F(4, 24) = 10.42, P < 0.001] over the pre-and post-LTP conditions. Animals receiving 500 µA trains showed the largest mean increase in population spike amplitude, followed by the 160 and 32 µA groups, which showed equivalent increases. The 16 µA group showed only a slight increase in population spike amplitude.
Experiment 3: The Effect of NMDA Blockade on LTP Induction
Animals injected with the competitive NMDA antagonist CPP were sluggish for several hours following the injection, struggled weakly when picked up and rarely vocalized, although the startle ref lex was still present in response to a loud noise (hand clap). Twenty-fours hours after the injections (immediately preceding the I/O tests), rats struggled and vocalized normally when handled. Animals groomed normally and gained weight throughout the experiment and appeared completely healthy 24 h after the cessation of the CPP injection protocol. (Fig. 6A,C) . This result is consistent with the possibility that the CPP may have unmasked a depression effect. The surface-positive shift in the other groups was coincident with an enhancement of the population spikes and late components. The interaction between the population spike measure and group was significant [F(3,9) = 27.31, P < 0.001], ref lecting the potentiation in the saline and 1.0 mg/kg CPP groups and the lack of potentiation in the 10.0 mg/kg CPP groups.
There was also a significant interaction effect between late component potentiation and group [F(36,108) = 9.46, P < 0.001]. This effect ref lected a reliable potentiation in the saline and CPP T1.0 groups compared to the lack of potentiation, or an actual depression, in the CPP NT10.0 and CPP T10.0 groups. Figure 6C shows representative sweeps from animals that received saline or CPP injections in conjunction with the stimulation protocol. The saline and 1 mg/kg CPP animals showed approximately equivalent levels of potentiation, while 10 mg/kg CPP completely blocked the LTP and may have unmasked a depression effect.
As shown in Figure 6B ,D, the readministration of highfrequency trains 1 week after the completion of the drug/ stimulation regimen resulted in a significant potentiation of both the early [F(12,24) = 5.35, P < 0.001] and late [F(12,24) = 11.88, P < 0.001] components in the animals that had previously received 10.0 mg/kg CPP in conjunction with trains. This group also showed significant population spike potentiation following clearance of the drug [t(2) = -4.33, P < 0.04]. These results suggest that the drug protocol did not result in long-lasting deleterious effects.
Experiment 4: Input-specificity of Neocortical LTP
The application of high-frequency stimulation induced LTP of both the early and late components that was limited to the tetanized pathway. These potentiation effects are shown in Figure 7 . The change in the amplitude of the early component showed a significant interaction effect between session and group [F(11,88) = 1.99, P < 0.03]. The tetanized pathway underwent a clear surface-positive shift in response to the stimulation trains. By contrast, the control pathway showed only the non-significant drift [F(11,44) = 1.7, P > 0.1] typical of control animals (see, for example, Fig. 2 ). This difference is made clear by an examination of representative sweeps taken before and after the induction of neocortical LTP (Fig. 7D) . While a strong surface-positive shift, accompanied by robust population spike potentiation, is evident in the tetanized (stimulated) pathway, the control pathway shows no population spike enhancements and only a minor shift in early component amplitude (Fig. 7D) .
These differences are borne out by a significant interaction between group and session for the population spike data [F(1,8) = 8.22, P < 0.02]. In contrast to the control pathway, which showed no evidence of increases in population spike height, the LTP pathway in all animals showed clear and robust population spike enhancements following the repeated delivery of highfrequency trains (Fig. 7C) .
The late component also showed a significant interaction effect between session and group [F(11,88) = 6.99, P < 0.001] (see Fig. 7 ). In this case, a robust polysynaptic potentiation was induced in the tetanized pathway, while the control pathway showed little deviation from baseline.
Experiment 5: Control for Kindling Effects
No epileptiform afterdischarges were induced in response to stimulation in any of the preceding experiments. To confirm that there were no kindling effects in our potentiated animals, we tested for increases in the strength of evoked afterdischarges in a separate set of control and potentiated animals. The kindling stimulation reliably induced a rapid onset tonic-clonic seizure as described by Racine et al. (1995a) . The afterdischarge durations of animals that were fully potentiated (14.42 ± 1.22 s) were not significantly different from animals that did not receive high-frequency trains (13.62 ± 1.41 s) [t(8) = 0.96, P > 0.35]. Both groups of animals displayed similar seizure behaviours with no apparent differences in onset, duration or severity. These data, in addition to the demonstrations of potentiation effects following either 1 train/day or very low-intensity trains, clearly indicate that there are no kindling-related contributions to the LTP effects reported here. The demonstrations of inputspecificity also provide a strong argument against a kindling interpretation of these LTP effects.
Discussion
We have confirmed our previous report (Racine et al. 1995b) that the induction of LTP in the neocortex of the awake, freely moving animal requires spaced and repeated stimulation. Furthermore, we have shown for the first time in this preparation that the strength and duration of the LTP effect depends upon the number of trains delivered per session, the number of daily sessions and the train intensity. In addition, we have shown that the neocortex is actually highly reactive, providing that the stimulation trains are spaced and repeated. We have also shown that this LTP is specific to the activated pathway, and that it is NMDA dependent.
We were surprised to find that it was possible to potentiate animals with the delivery of only 1 train/day, or by using trains with pulse intensities as low as 16 or 32 µA. In contrast to previous reports of the resistance of this structure to undergo plastic change (Kirkwood and Bear, 1994; Racine et al., 1994b) , these results indicate that the neocortex is, in fact, highly reactive so long as the stimulation trains are spaced and repeated. Indeed, it appears that the neocortex may actually be more responsive than the hippocampus. In our hands, for example, hippocampal LTP is rarely induced in response to stimulation trains as low as 16 µA, and we have never seen long-lasting potentiation effects in response to one 24 ms train/day ; see also Huang and Kandel, 1994 ).
An initial characterization of the components of the neocortical response is provided in the preceding paper (Chapman et al., 1998) . The earliest component has the morphology of a population spike, is at least partly antidromic and was not included in our measurements. The first component that we measured is monosynaptic, and is partially masked by overlying population spikes. The sink for this population EPSP peaks in upper layer V. Unit recording experiments showed that cells in layer V and VI are firing during the period when the population spikes appear. When these spikes are blocked in potentiated animals, during either frequency-of-following tests or anaesthesia, a potentiated monosynaptic population EPSP is unmasked (Chapman et al., 1998) . Our interpretation of these results is that the population spikes set up competing currents that shift the field potential in the opposite direction from the population EPSP (just as they do in the hippocampus).
We have also found components with still longer latencies, many of which are seen most clearly after the induction of LTP. The emergence of new, late components appears unique to the chronic preparation and may ref lect the post-LTP recruitment of intact polysynaptic circuitry. The potentiation of late components may ref lect a passive driving of polysynaptic responses from a monosynaptically potentiated site, or a potentiation effect expressed within the polysynaptic connections themselves. The enhancement of population spikes, however, indicates that at least some of the late component effect is due to passive driving.
Although both the early and late components were enhanced following high-intensity stimulation, the potentiation effects following low-intensity stimulation appeared to be restricted to the polysynaptic components of the evoked responses. This is probably due to the potentiation of the monosynaptic component at low intensities being restricted to the region most heavily innervated by the stimulated axons. This region would be quite close to the site of the stimulation electrode. Enhanced polysynaptic activation would then radiate out from this region of maximal monosynaptic activation.
Another interesting result is the increase in field potential threshold seen at the low-intensity end of the I/O tests. We have also seen this effect in response to dentate gyrus potentiation (although not as reliably as for the neocortical responses). Low-intensity stimulation trains did not produce these depression effects. The higher-intensity stimulation trains would be expected to trigger more cell discharge and to activate inhibitory systems more strongly. If both inhibitory and excitatory systems are susceptible to potentiation (see Stripling et al., 1988) , the net effect on the field potential may be dependent upon the overall level of activation. Perhaps the balance shifts in favour of inhibition at low test pulse intensities. This explanation would seem to work best if the threshold for the potentiation of inhibition was higher than for the potentiation of excitation, and the altered inhibition included feedforward mechanisms (which could account for the altered thresholds). Another possible explanation for the increased thresholds is that the fibres nearest the stimulating electrode are destroyed by the high-intensity stimulation. This can be ruled out, however, because the responses recover at about the same rate as LTP decays. There is still a possibility that some form of reversible damage is incurred by the axons.
In agreement with studies utilizing the NMDA antagonist AP5 Singer, 1987, 1990; Sutor and Hablitz, 1989; Kirkwood et al., 1993) , we found that the competitive NMDA antagonist CPP blocks the induction of neocortical LTP in a dose-dependent fashion. Further, the capacity of the NMDA receptor to mediate LTP induction is not permanently harmed by chronic antagonism, as LTP of the population spikes and late components was readily induced 1 week after the CPP regimen and lasted for several weeks. The blockade of potentiation by NMDA antagonists does not preclude the possibility that other forms of potentiation are present in these systems, as an NMDA blocker would also be expected to affect purely voltagedependent processes as well (Cavus and Teyler, 1996) . Komatsu et al. (1991) provided an example of an NMDA-independent LTP in visual cortex following prolonged 2 Hz stimulation.
NMDA receptor blockade also appeared to unmask a depression of both the early and late components. These results concur with previous studies using cortical slices where AP5 has been shown to both block LTP as well as unmask a long-term depression effect (Hirsch and Crepel, 1991) . have suggested that neocortical potentiation and depression effects result from greater and lesser levels of activation respectively of a common substrate. It may be that NMDA receptor blockade reduced the intracellular Ca 2+ levels to the point that they fell within the range required for depression, but not potentiation. Further research will be required to determine if such a 'dual threshold' mechanism is responsible for the effects seen here.
We have also shown that neocortical LTP induced in the awake, adult animal is specific to tetanized pathways. The complexity of the circuits present in the intact animal complicates efforts to demonstrate input-specificity. The laminar structure of the hippocampus provides for a naturally occurring and welldefined separation of inputs (e.g. Andersen et al., 1977) , while demonstrations of input-specificity for neocortical LTP have often been based on mechanically separated inputs using knife cuts in in vitro preparations (e.g. Kirkwood and Bear, 1994) . Concerns about access and maintenance of a normal blood supply, however, make this is a more difficult proposition in the neocortex in vivo. In experiment 4, we took advantage of the natural, ordered architecture of the white matter inputs to achieve input-specificity of neocortical LTP. White matter fibres have been shown to extend laterally in a radial pattern, forming discrete, vertically orientated columns (Isseroff et al., 1984) . It is therefore possible to minimize the interactions between a pair of electrodes by placing them in the white matter at different rostrocaudal positions. We found little or no interaction between the pathways selected, and we showed that the enhancement of both the population spike measures and the late components is specific to the activated pathway. The masking of the monosynaptic EPSP by the population spikes, however, makes it difficult to measure the most critical component in these specificity experiments.
We can exclude an involvement of kindling mechanisms in our neocortical potentiation effects for several reasons. First, we monitored EEG during all stimulation sessions and never saw any sign of epileptiform spiking. Second, to counter the argument that kindling, an increase in epileptogenic reactivity, might be produced by non-epileptogenic stimulation in our neocortical sites, we tested the effects of LTP induction on the strength of epileptiform discharge evoked through the same electrodes. There were no significant differences between potentiated and control animals. Third, although neocortical thresholds for kindling are much higher than those measured in the hippocampus (Racine, 1972 (Racine, , 1975 , we have found neocortical LTP to be inducible with ver y-low intensity stimulations. Fourth, although kindling-induced potentiation can be induced in our neocortical site (as it can in hippocampus), it actually progresses more slowly than does neocortical long-term potentiation (Racine et al., 1995a,b) . A lthough one cannot completely exclude the possibility that LTP represents some form of pathology, that is true of LTP in general. The very low intensities at which these effects can be induced in the neocortex suggest that the mechanisms engaged may be involved in normal physiological processes.
One of our most interesting discoveries is that the neocortex appears to be following quite different rules for LTP induction than does the hippocampus and most other subcortical sites. The hippocampal and neocortical learning systems have been distinguished on the basis of several characteristics. While the former has been characterized by rapid acquisition and transient storage, the latter is believed to learn more slowly but store for longer periods (Zola-Morgan and Squire, 1993; McClelland et al., 1995) . Although the hippocampus is capable of the rapid learning of associations, often with only a single presentation, the neocortical system is believed to learn through many repetitions of similar acts of information processing, producing gradual, incremental changes in the synaptic connections between neocortical neurons (McClelland et al., 1995) . The different potentiation and decay rates for hippocampal and neocortical systems are consistent with these proposed functional differences. The spaced, repeated presentations of the LTP-inducing stimulation trains may be effective because the neocortical system is operating with a relatively slow 'learning rate '. McClelland et al. (1995) argue that a slow learning rate is required in a system designed to extract common features from multiple input patterns in order to avoid the problem of catastrophic interference. Further research is required to see if these apparent similarities between LTP and memory phenomena are, in fact, based upon similar mechanisms.
